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TECENICAL NOTE NO. 1051

PRELIVNINARY INVESTIGATION OF THE LOADS CARRIED

BY INDIVIDUAL 30LTS IX BOLTED JOINTS

By Menford B. Tate and Samuel J. Rosenfeld
SUMIMARY

A general solution 1s presented for the determina-
tion of loads carrled by individual bolts in symmetrical
butt joints. Expressiocns for bolt behgviar are given by
which the general solution may be readily adapted to the
namerical calculastion of bclt loading in joints made of
eny of several combinations of meterials common to air-
plane construction, and an example 18 soclved to illustrafe’
the numerical procedure. All expressions are confined to
the range of slastic ection of joint comoonents.

Tests were conducted in which the test snecimens were
mede of 24S-T eluminum-alloy plates fastened by two or

three ﬁ—inch alloy-steel belts with the bolts in ais;nggg -

line in line witnk the apolled load, Test results are
given in the form of curves showing bolt-load histories
turough the elastic and yield ranges to jolnt failure.
Empirically besed principles are proposed to deTine the
tractical upper limit of elastic action of ‘& joint sub-"—
ject to static loading and to obtain curves renresent;ng
bolt action above this limit for three~bolt joimts. ﬁiﬁh
empirical data, such curves combined with analyiical
equatlions provide a meens for the predicclon of bolt
loads at any joint load. Bolt-deflection curvés and
their relation to the generalﬁjrpb%gm ars &lso presented

From the tests of three-bolt joints, agreement ritnin
about 10 percsnt was found between tueoretlcal ‘and experi-
mental bolt loads within the elastlc range. Although the
bolts carried markedly unequal loads in the elastic range
(as' indicated by theory), it was found for such joints
(containing not more than three bolts in the line of
stress) that a process of bolt-load equalizatfbn took
place beyond the limit of elastic action which for practi-
cal purnoses caused the bolis to be loaded equally at
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joint fallure. Information is needed with respect to
multirow Joints, however, because in the elastic range
the bolts in the first rows carry far greater loeds
than interior bolts and Joint fallure may occur before
complete equalization of bolt loads is realized.

"INTRODUCTION

’n recent years the need for more rational means of
design and analysis of connsctions has been emphasized by
the exacting requirements of modern alrplane construction.
The methods of joint analysis are far more antiquated than
those employed for other parts of the alrcraft structurs.
Improved methods for predicting Joint strength offer a
means of reducing welght 1f they are adapted tec make more
efficlent use of all connectors within a Joint. From the
production viewsolnt, Jenkins (reference 1) has shown that
soproximately 50 percent of the total cost of the all-
metal airplane frame is due to connecting the various
comporents of the structure and that the cost of riveting
end bolting constitutes between E0 and 90 percent of the
total cost of connections. Thess conditions suggest a
vromising field for investigation.

The well-established methods for comouting rivet or
bolt loads are based on assumptlions derived from ultimate-~
strength tests of & number of riveted joints. Rivets or
bolts of the same size were thought to—carry equal loads
because the ultimate strength of the tested joint was
avoroximately equal to the strength determined from the
ultimate strength of & single rivet multiplied by the
number of rivets in the Joint. The fact that rivets or
bolts Iin a structural joint do not generally carry equal
loads in the elastic range was recognized as early-as
1867 (reference 2). Eatho (reference 3) demonstrated
that a riveted joint 1s a statically indeterminate struc-
tural system and that the rivet loads may be obtained by
the principle of least work. Hrennikoff (referencse 2)
develoned eguations for rivet loads for a limited number
of joint asrrangements from a consideration of the deforme-
tions of plates end rivets. Posaner (reference l) devel-
oved & general bolt- or rivet-load equation for lap Jjoints
based on the dsformations of the plates in tension and in
bearing under the bolts or rivets. Several investigators
have made use of equetions derived by meens simllar to
those fust mentioned but have obtained factors for rivet
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behavior by tests of various joint arrangzements (refer-
ences 1, 2, pp. L6L-469, and 3). Some investigetors
have deslt with butt joints (references 2, pp. Lol -L169,
and 5), some with las jeints (references -1 and L), and
some with both (references 3, 2, 5, and 6), A brief
“wistory of early investigations 1s given in reference 2,

pp. L7L-L8L

The vresent paper deals withh the problem of load
distribution among the bolts of symmetrical butt joints.
Tests were conducted to determlne experimentally, both
within and above the elastic range, the menner in wnich
load was distributed among the verious bolts. The test
snecimens were doubly symmetrical two- and three-bolt
joints made of 24S~T aluminum-alloy plates *oined by &

cingle line of ﬁ—inch alloy-steel bolts. Reference to a

joint having a certain nurber of bolts means that the
total joint load is imposed on that pumber of bolts.
Anslytical expressions, based on elastic action of the
joint components, are glven whereby the bolt loads may

be computed and the experimental and enalytical results
are comparsd. The important gquestion of JOlnt action
gsbove the 1limit of elastlc behavior is most readily
treated from the standpoint of empiricism. Principles,
based on the test results, are suggested, but such orincili-
ples cen be extended for general application only when
arpropriate emplirical data are available. - e

SYNMBOL3

A cross-sectional area, square Inches )
bolt constant, dependent upon elastic propertles,
geometric shape, dimensions, snd manner of loading
of bolts, end upon bearing-properties and thick-
ness of plates, inches per kip

D holt diameter, inches

t

Young's modulus, tension or compresslon, ksi

G shearing modulus of elasticity, ksi

-

geomstric moment of inertia, inchesh
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plate—constant for tension or compression losding,
dependent - upon geometrie sahape, dimensions,

= elastic prcperties of plates, and assumed stress
— distribution, lnches wer kip :

lenzth, inches
bending moment, inch-xips
number of bolts iIn transverse row

external apnlied loed, kips

plate width, inches
“pitch, inches

thickness, inches

uniform load on bolt per unit length; kips poer -inch

distunze measur&d along bolt axls, inches

4istunce measured in plane of loadinz normal

to bolt
axls, Inches E

mumerical factor for beams by which &verage shearing
gtress is multiplied 1n order to determine
chearing stress at centroid of a cross section

deflectlon of bolt, inches

deformation

senslle strain

direct stress, ksi

ghearling stress, ksi

Subscripts:

F

av

f'ixed-end

average
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b bolt

bb bending of bolt

br bearing

bs shear of bolt

cr. critical

i any transverse row of bolts

n last transverse row of bolts with reference to and
of butt strap '

p any plate, or main plate
s butt strap
Special combinatlions of symbols:

Py, measured internal load in lower main plate (see
fig. 1) at a section where - P;, should equal P,
ips _ .

Pg measured internal load in butt straps at center of
joint, where ©Pg should equal P, kips

Py messured internal load in upver main plate (see
fig. 1) at a section whero Py should equal P,
Kips .

i-1 D ' L .
R sumation of all bolt lnads from row 1 to row i,
1 excludinz row 1

THEORY AND BASIC ASSUMPTIONS

Elastic behavior of joints.- A bolted joint is a
staticelly indeterminate structural 3ystem and can be
analyzed as such a system if certein conditions are khndwn
-r assumed. The theoretical solution given in appendix A
for the détermination of the loads carried by bolts in
symmetrical butt joints is based upon the following - con-
ditions: T L

(1) The ratio of stress to strain is constant
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—(2) The stress is unifermly distributed over the
cross sections of main plates and butt—straps

(3) The effect of fristicn is negligible

ily) The bolts fit the holes initially, and the
material of the plates in the immediate viclnity of the
holes is not damaged or stressed in making the holass or
by inserting the bolts .

(5) The relatiaonship between b»olt delflection and
Joibt loeed i3 linear iz the slastic range
on the basis of these assumptions, it is found for sym-
metrical butt joints that the relsationship between the
loads on any two successive hclts in a single line cf
bolts 1s _
2K+ 2 2K, + Ky &2
Ci Kp + Ksﬁ Kp ILp Ks > R

M4l T T T T Car T Ot T T G )

Zquatlion (1) is used in the computatlion of bolt loads in
appendix B.

Bessd on assumptions 1 and 2, the plate cbnstant K
may be stated as '

":—-—R—
X = BtE (2)
The linear relatlon between bolt load and deflectlon
{assumption 5) may be expressed in terms of the bolt
constent C a@as

5 = %? (3)

In the determination of L C 1t 1s assumed that—the
bolt acts as a fixed-end beam with thse bolt.locad R dis-
tributed uniformly along a length equal to the maln-plate
thickness. Actlng in the opposite direction, the bolt
load 1is unlformly distributed along twe lenztha, each
equel to the bubtbt=stran thickness. Bearlng stress is
computsd in the conventional manner as bolt load divided
by an area that 1s determined by projscting the bolt
diameter on the plate thickness; and bearing deformetiions
ere exoressed in terms of the compressive moduli of the
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materials and dimensions of the bolt and plates. From

these considerstions, C may be stated as follows Tor

joints made of 2L S-T plates with a butt-strap thickness
t

of one-half the main-plate thlckness tg = = ~and

2
fastened with glloy-steel bolts:

= tp>2;'2 332 8 " I
C—tpEbb 0.13\ 3 -.12+ S + 1.87 (4)

For other symmetrical butt- jolnt arrangements, expressions
for C are given in appendix A. (See equations Al6 to
A22,) : :

The third assumption (thut the effect of friction 1s
negligible) gives rise to a highly controversial point in
the literature on rivetsd Jjolnts. It avpears, at least
in the design range common in civil-engineering practice,
that a large part of the joint load is carried by friction
in hot-riveted joints and in bolted jolnts if thse bolts
are drawn tight. Tests reported by Hill and Holt (refer-
ence 2, pp. 46l -1169) indicated, however, that friction 1s :
of l1ittle imvportance as a factor in the behaviar aof _—
riveted joints. Epstein (reference 7) also conducted = _
tests that indicated minor frictional effects in cold-
riveted jolnts.

Aprarently the fourth assumption (that the bolts fit
the holes) would seldom be fulfilled in an actual joint,
and departure from this sssumption would be determined
largely by fabrication methods. It should be remembered,
however, that although the presence of numerous bolts ln
8 joint makes the likelihood of errors from extraneéous
sources greater, the percentage deviation from the pre-
dicted theoretical bolt load will probably be less than
in the case where only a small number of bolts make up
the joint, because such errors are distributed among =a
larger number of bolts in the first instance than in the
second. It may be anticipated, therefore, that the maln
features of the analysis will hold when connectlons "dare

jolned with several bolts and when good shop practices
are used. ) T

Further consideration of the sscond and fifth assump-
tions is made in the discussion of the analysis of test
d¢ata, and the third and fourth assumptions were fulfilled
insofar as practicable in the fabrication of test specimens,
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Inelastic behavior of joints.- As load on a joint 1is

incroased, a load 1s reached at which ylelding of the
plates or of the bolts occurs. Whether yleld takes place
firss in the plates or bolis or occurs simultaneously in
both depends upon their relatlve dimensions and elastic
properties. It 1s therefore possible for one component
to act elastically and the other inelastlically, but the
ylelding of any component constitutes the beginning of
Inelastic action of the Jjoint as a whole. Interpretatlon
of this viewpoint, however, should be practical and
shouid not include ylelding of small regions where there
are gtress concentrations when such ylelding has no
appreciable effect on the over-all elastic behavior of
the Joint. A part of the behavior of a Joint may be pre-
dlctaed from an elastic theory, and empirical methods may
be employed in the determination of the upper limit of
elastic action and of jolnt behavior above thls elastic
1limit. This upper limit of elastic action is termed the
"eritical bolt load" Rgy 1n this paper.

3

In the aﬁalysis of three-bolt Joints in which the
main plate and butt straps are of the same width and

t
material with tg = 7? and are joined by bolts that are

all of the same slze and material, the following procedure .
may be used to predict the joint-load against the bolt-
lcad (P-R) relationshins throughout the elastic and yielad
ranges to joint failure. The procedure, however, hsass not
been extended to include other joint arrangements because
only two- and three-bolt Joints were teated. For the
elastic range, the P-R relstionships may be established
by means of equation (1). These relationships may be
prlotted and the experimentally determined value of Rep
plottsd on the P-R curve for the most heavily loaded bolt,
which 1s either end bolt for the case under consideratlion.
The end bolts can be shown to support equal loads, and
either one carries a greater load in the elastic range
than the middle bolt. (See appendix C.) A straight line
may be drawn connecting the points for Rep' and the

average bolt load at fallure, which 1s equal to the Joint-
failure load divided by 3%; thus the P-R curve for elither
end bolt is completed. The end-bolt—load R may be com-
puted for any joint load from equatlons of the straight .
lines obtalned as outlined. Load R2 on the middle bolt

may be found at any given jolnt loaed as Rp = P - 2R}.

The values of R2, however, are of less importance than

the greater loads Rl on the end bolts and in many cases

1t 1s unnecessary to compute-—values of Ro3.
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TEST SPECIMENS AND PROCEDURES

Specimens and Apparatus

Specimens.- Materials common to aircraft construction
were used ror the test specimens, which were selected to
provide a plate-thickness range sufficient to check the
applicaebllity of the theory. S8Six symmefrical buti~joint
specimens - three of the two-~bolt jolnts and three of
three-bolt joints - wvere fabricated and fested. Each
specimen was made symmetrical about its transverse center
line. Such a conditlon provides duplicate test specimens,
as the theoretical behavior of the part of the jolnt on
one side of this center line is identical with that of the
part on the other side of the line. The specimens were
classified in two groupsS, A and B. It wasg declded to
test two-bolt joints (group £) {n order to procure infor-
metion in .regard to the relisbility of the method for
determining bolt loads from strain measurements and to

interpretatian of data obtained from tests of tnree—bolt
joints, The three-bolt joints (group B) were chosen to
furnish an experimental check of the theory &and to expe-'

dite testingz and the analysis of data, _”-*' Lo T

In all cases, the material of:tke plates was ZMS-T
aluminum alloy and the bolts were &=-1inch aircraft bolts,

equivalent to those specified in reference 8 of heat- T
treated alloy steel with minimum ultimate tensile and
shearing strengths of 125 ksl and 75 ksi, respectively.

Specimens A-], and B-1 were of balanced design based
on the usual assumption that load 1is divided equally
among the bolts. The design stressesg were‘62 and 90 ksi
for tension and bearing of thé plates, respéctively, and
75 ksi for shearing of the bolts. Althougzgh reference 8
permits a greater allowable tenaile stress, it was con-~
sidered advisable to use 62 ksi to attain the attual _
shear strenzth of the bolts, Specimen' A-2 and B-2 vere
designed to fail in shear; and specimens ‘A-% and B- -3, in
tension. In every case, the butt-strap thickness was -
one-half that of the main plate. A wildth of lﬁ inches

end a pitch of 2 inches were used for all specimens i1n
order to accommodate the strain gages. A wring it was
used to fit the bolts in gll specimens. In preference to
weshers, collars made of z-inch stesl tubing were placed
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under the nuts to eliminate bearing of the plates on bolt
threads. When the specimens were assembled, the nuts were
First tightened to bring ths plates together and then, in
order to eliminate friction forces insofar as practicable,
were lcosened to cause Tirm contact between the bolt heads
or collars and plates, The specimens are shown in figure 1
and their dimensions sra given in table 1.

Apparatus.- Load was applied in tension by means of-
a hydraullc testlng ma&achine having 100-kip capaclity and

an accuracy wlthin 0.5 percent. Wedge grips were used to—
apply load to specimen A-~1, and the remeining 9pecimens
were gripped with Templln gripa of 50-kip capacity.

_strain‘was-measured by %—1nch SR-l; electrical gages.

Wwith these gages, the error in straln measurement did not
exceed 2 percent. An attempt wus made tn measure bolt
deflections by means of micrometer microscopes but was
abandoned because th¢ instruments were not sufficiently
preclse to measure the small déflectlions that occurred in
the elastic range. As lnoad was applied, cnlargement of
the gap between main plates was measured with l-inch
Tuckerman optical strain gages. The arrangement of elec-
trical strain gages 1s shown in flgure 1 and the general
test arrangesment for a typical spscimen is shown in
figurse 2.

Testing Procedurs

The width and thickness of each plate were measured
at several points along the length of the plate with a
micrometer caliper of 0.000l-inch preclsion, and the bolt
dlametsers were checked as a precaution against the use of
appreclably irregular bolts. .

w8adlng tests in the elastic range.- In the loading
tests In the elastic range, load was applied 1n six or
seven (usually equel) increments to a load approximately
equal to L5 percent of the estimated ultimate load. The
speclmen was then unloaded with rspetition of the lncre-~
ments used in the application of increasing load. This
process was repsated twice, with the specimen thus sub-
Jected to thres complete cycles of loading., Straln
rsadings were made at each lncrement of load. This pro-
cedure was followed in testing all joints with the excep-
tion cf specimen A-1, which was loaded directly to fallure.

- a
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Loading tests to fsilure.~ Alter the first phase o&f
testing, the specimens were roaded to fallure. - Load was
aoplied in 12 to 15 increments uatil failure occurred,.
Strein and tie increase in width of the gap ‘between main
plates were observed at eesch load increment, fhotogra hs .
of the fractured specimens are snown as figures % and ﬁ

Auxiliary teats.- Ptress-straln data were secured
frpom Tests of sta:derd tension specimens representing the
plate components of the joints. The location of the ten-
sion smecimens in relavion to the plates from which they
were obtained is shown in figure 1. . R —

Shear tests' of single bolts were conducted in order
to evaluate 2 double-sheer strengti: that would he repre-
ssantative of the bolts emplored in Joinirg the specimens
of groups A and 3, For these tests, the nlates were of
S.A.E. 6150 heat-treated steel and a wring fit was used
to £it the bolts. The dimensions of tihe specimens are
shown in table 1. As it waes desired to campare sseparately
Jetermined bolt deflections with averare values compuued>
from the movement of the gap, three sets of deflsction - -
measurements were obtained in eacii of two tests. I‘ove- o
ment of the gap was determined in the manner used to
secure similar datae for specimens cof zroups A end 3.
Deflection measurements for botn bolts were obtained : : —
senpratelv by nlacing 2-inch Tuckerman gages on oapesite
faces of § specimen with the fixed knife edge of a gage
on the butt strap and with the lozenge .on the main giate.
Precautions were taken to snsure approximate persllelism -
between the gages and plate surfaces. - e—

PRESEZNTATION AND DISCUSSIOK OF RESULTS

Determinatian of Bolt Loads and Deflections o '
from Test Deta . ' e -

The exserimental bolt loads weéreé obtained by finding
the loads in the butt strans at sections midway between ) -
bolts; the difference bstween loads at two ad'acant 89c~
tions was considered to be equal to the load on the inter-
vening bolt. Butt-strep loads wers computed from strain
data; end for specimens A-1, A-2, 2-1, and B- 2 the loads
were corrected for the eLfect of lateral bendlng moment
in the butt strans, which acted in & plane normal to the
vlane of the strans. The lateral moment was induced by =
eccentricity of the resultant of the part of a bolt load '
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that was trensmitted to one butt strap. The curves of

the butt-strap losds Pg are plotted in figures 5(a) tou
15(a) to illustrate the erffect of lateral bending and are
shown in conjunctilon with the curves of Joint load against
bolt load because of the interrelationshlp of these curves
owlng to the use of 'Pg in the determination of correc-
tion factors. Calculation of butt-strap loads, the pres-
ence of lateral bending moment, and the correction pro-
cedure are explained in appendix D.

The methods used in the determination of bolt deflec-
tions sre based on relatlive movements of the meln plates
and butt straps. Elongation of either the maln plates or
butt straps, depending upon the location of instruments
used to measure Jjoint mpovements, was included in measure-
ments obtained during the tests. Deflections were com-
puted by subtracting such elongation (considered to bs
PL/AZ) from the test measurementa. A more detalled expla-
nation of the methods employed is given in appendix D.

_Curves of Joint Ioad Agelinst Bolt Loed

The maln results of this investligation are presented
in the form of curves of jolnt load againsat bolt load
shown in figures 5 tu 15. These curves show the load
history of each bolt—=nd indicate the behavior that may
be expected of bolts loaded under conditions similar to
those of the tests.

Elastic bseshavior of test speclmens.- Flgures 5 to 9
show bolt-load values determined from the loading tests
in the elastic rangev The curves accompanying the plotted
polnts represent experimental curves for the same boltis
obtalned from the tests to fallure. During the testing
of specimen A-3, the strain gages at the center of the
joint on one butt strap became loosened. As & result,
the values of Pg, R2, and Rz could not be determined;
hence, only the curves for R; and Ru are shown in
figure 6. Replacement of the inoperative gages was made
prior to the testing of specimen A-3 to failure. Inspec-~
tion of figures 5 to 9 shows that there is good agrecment
among the -repeated bolt loads and between these loads a&nd
the curves from tests to—fallure.

Figures 10 to 12 give the results of testing the
speclmens of group 4 to railuref ‘Both theory (appendix C)

diie v 1



NACA TN Fo. 1051 13

and the conventional method of analysis (that is, the
assumption of equal loads cerried by the bolts) indicate
that the P-R curves should be represented by the equation
R =0,500P. This curve is not shown, however, as 1t was
consldered more informative to give the experimental
curves and their equetions. In every case, the squatlion
glven for a curve applies to the initlial straight-line
portion of the curve. In general, 1t may be seen that
deviations of 3 to 11 percent from an equal distribution
of load to the bolts occurred in the two-bolt joints.

The meximum deviation from equality of bolt loads occurred
in the right end of specimen A-2, wherein the fourth bolt
supperted about 20 percent more load than indiceted by
either the elastic or the conventional analysis. It
appears that differences between loads carried by the two
bolts in one end of a joint were due to fabricatlon ine-
~qualities and variability of the properties of the bolts.
Considerable variation of bolt characteristics was shown
by results of the auxiliary shear tests; that 1s; Bolts -
which were presumably identical and under the same loading
conditions deflected amounts in the elastic range that
differed by as much as 35 percent, and double-shear
strengthts were found to range from 5 to 32 percent greater
than stipulated by the specification in reference 8. (See
table 2.) '

Figures 13 to 15 show bolt loads that were obtained
from tests to faillure of the specimens of group B and are
plotted for comparlison with analytical curves, which are
shown only up to that load above which they no longer may
be considered spplicable. The analytlcal expresslons
given in the figures were obtained by usé of equation (1);
the marmer in which they were determined and sample calocu-
lations are glven in appendix C. ]

For the three-bolt joints, the P-R curves (figs. 13
to 15) clearly show the inequality of bolt loads within
the elastic range. The end bolts (1, 3, lj, and 6) carried
loads that differed from the analytically determined bolt
loads by amounts ranging from 3 to 10 percent of the ana-
lyticel values. 1In some instances differences of about
20 percent were found but are considered to be of little
importance as they occurred at bolt loads below one-third
of the critical bolt load R;,,. The middle bolts (2 and
5) supported loads that differed from the analytical bolt
loads by amounts ranging from 5 to 20 percent of the ana-
lytical values. Loads on the middle bolts, however, were
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less than those on the end bolts in all cases and, conse-
quently, are not of so much interest as the end-bolt
loads. In the determination of values of R} and R,
the probable experimental error is estimated to be about
5 percent, if the effects of lateral bending of the butt
straps are excluded. Loads on bolts 2, 3, L4, and 5 were
found indirectly and the probable experimental error was
about 10 percent. Nost of the discrepancies between
experimental and analytical bolt loads therefore cannot
be distingulshed from experimental error.

Inelastic behavior of test specimens.~- The upper
limit of elastic action of & test specimen i1s marked in
figures 10 to 15 as the critical bolt load Rgp. Above
Rer a joint as a whole is considered to behave inelasti-
cally although, at loacds approaching and above Rgr &and
in some cases from Rer to Joint failure, there probably
1s a complex behavior with some componehts yielding in
highly stressed regions and with continued elastic action
of other components., The critical bolt loads R¢pr &and
the empirical curves shown in figures 13 to 15 were
derived from the experimental results and are explained
in the following section.

The test results indicate that yielding of the
plates in bearing under the most heavily loaded bolts,
yielding of these bolts in shear and bending, or a combi=~
nation of both caused a process of bolt-load equalization
to take place between Rgp and joint failure which
resulted in an approximately equal distribution of load
among the bolts at joint failure. Joint behavior of this
nature accounts for the findings of early investigators
who made ultimate-strength tests of riveted joints and
reported that load was about equally distributed among
the rivets,

The equalization of bolt loads is best illustrated
in figure 15, which shows the behavior of the three-bolt
joint, specimen B-3. Comparison of measured bolt loads
with values obtained from the empirical curves of fig-
ure 15 shows that the experimental bolt loads are within
l} percent of the empirical values with the exception of
the P-R2 curve, for which the maximum difference is
about 8 percent. Although the failure of specimen B-3
was caused by failure of the butt straps in tension, it
may be seen that the bolt loads were approximately equal
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at fellupre of the snecimen. An eguel Zistribution of
losd tn the bolts a*t jolnt fatlure is alsn indicated by
results ol the tests in which specirmen fzllure was due
t» shesring of tre bolts. 3necimens A-1, A-2, end 3-2
failed in this menner. Average bolt loads at feilure of
these snecimens egree clocely end sre also in agresment
with most of the ultimate loads found in the auxiliar;
snzep t2sts o5f sinle bolts. Velues cf the bolt loacs
just rentioned ere given for comsarisen in table 3. T[or

 ths bolis thet feiled in stear (3 and i) in s»hecimen A-Z,

finsl measurements were obtalned ot s joint load He veunds
telow tue ultimate, and the bolt losds 3z and Ru werce

within 3 nercent »f equality when the final measurements
were taken. (See fig. 11.) The egualization of bolt

losds Rz end Ry above R, 13 also effectively shown

in figure 11. Since tolts 1 and 2 in swecimen A-1 failed
in shesr, it is ¢f interast to note from figure 10 thsat
exvension of tiie curves for {3 and R to the jeint-
failure line indicetes tnst these bolt loads were within
L mercent «f equelity at the time of fsilure., In sneci-
mens A-1 and A-2 tne distributicn of lcad to trze bolts
tnat did not fail (3% end I} for speciriean A-1l, and 1 =znd 2
fer smecinen A-2) did not arorosach eguelity to the sze
extent sz was the case for the bolts that failed. Tlre
curves for loed on the bolts thet did not fail (fizs. 10
end 11) diverged from equslity at fa:lure of s»oecizens A-1
send A-Z by about 13 ard 9 nercent, rescactively. In view
of the verimble colt characteristics soint=a out in the
precedins section, hcwever, little impcrtance is attached
to this divergence. 1In general, sn»ecimen A-% believed es
exnected, end it anveers from the curves in figure 12
that the bolt loeds were s> proximately equal at ”ai’ure
of the joint. -

In figures 1% and L: (sn3cimens B-1 and B-2, respec-

tively), the vyints sbove 7., show the effect of lateral

bending of the butt strans to such an extent thet no
crzdence is given theni es a true re»nresentetion e the
tolt-load relationshios. Although these noints were com-
cuted in the seme menner as the others, the msens of
correction did not fully sccount for the bending at high
loads; the points were plotted, as were the Pg-curves,
to show the nature of errors arising from this source.
The fact that failure of specimen B-2 was due t¢ shesr
feilure of belts 1, 2, and 2, nowever, is forceful evi-
dence that these bolts were about equally loaded &% the -
time of failure, becsuse the sverage bolt load at failure
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1s in good egreement with aimilar belt-load values found
in other tests. (See tahle 3,) Specimen A~1 acted some-
what differently above Rep than the other specimens,
but 1t may be seon in figure 10 that the general tendency
was toward equalization of bolt loads at joint failure.
Attention 18 called to the test conditions: specimen A-l
wes tested in wedge grips, and bending of the joint as =
unit, revealed by strain gages on the main plates, exlsted
to an undesirsble extent. Perhaps averaging the strain
measursments did not fully compensate for this effect and
gave an indeterminable error in the computation of bolt
loads. The use of Templin grips precluded bending of the
entire specimen sufficiently to lend assurence of & negli-
gible offect on the remaining specimens,

The fact that all bolts in the two-bolt specimens
did not; carry equal loads was probably due to ilnequalities
in febrication and veriation in the bolts. Becsause these
specimens contained only two bolts, the importance of such
conditions was magnified in the two-bolt joints but was
less disturbing in the three-bolt-joints, For practical
purposes, however, there was & uniform distridbution of
load smong the bolts of sach test specimen at failurae,

Critical bolt. loads and basis of empirical curves.-
The gernieral bshavior of specimens A-l, A-Z2, and B-5 as
deplcted in figures 10, 11, and 15 suggests that the upper
limit—wf elastlic action of a joint-subject to static
loading can be termed the "critical bolt load™ Rep-

eriticel bolt load is dependent upon the factors that
contribute in bringing about equalization of bolt loeds,
which sre yielding of the plates in bearing under the most
heavily loeded bolts and ylelding of these bolts, Such
yialdling is dependent upon the mschanical properties,
dimensions, geometric form, and manner of loading of the
plates and bolts. From these considereaetions, the criti-
cal bolt load Rgp 1s defined as that bolt load at which

vielding of the plates or bolt or & comblination of both
necurs to start the action of bolt-load equalization.

The oritical bolt lead 1s found from an experimental curve
as the valus of R at the intersection of the stralght-
line portion of the lower part of the P-R curve with that
of the upper part and is determined from the curve for

the bkolt that carried the greatest load when ylelding
occurred, The method 1s 1llustrated in fizures 19(:) and
11®). Evealuation of Rg, for purposes of design or analy-

sis requires data in regard to the appropriate plate and

The
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balt bearing strengths and shear strengths of bolts. For
the test specimens, loads and strésses at Rgp and fall-
ure are glven in table 3. - )

Empirical curves for the three-bolt. joints are based
on the observation that the general trend of the bolt ° :
loads sbove R,, Wwas toward equality at failure of the = - e

joints. The curves were obtained for the end bolts by
drawing e straight line connecting the point representing
Rop with the point plotted for the average bolt load at

Joint_failure. The point representing Rcr was deter—

mined as the intersection of the vertical linse. that T T
locates Ry along the R-axis with the analytical curve

obtained from the elastic ansalysis. The average bolt )
load at failure was computed as the ultlimate joint load -
divided by the number of bolts that supported the joint

load. Curves for the mlddle bolts. (2 and 5) were obtained

from conditions of symmetry and equilibrlum, that 1s,

R2= P - 2R1-

In order to determine empirical curves for speci-
mens B-1 and B-2, data from the tests of specimens A~1
and A-2 were used Because of the curvature of the urper
parts of the P-R curves for specimens B~1l and B-2 (figs.13
and 1L), Raop could not be determined for either speci-

men. The value of Rg, shown in figure 13 for specimen -

B-1 waa computed from the avsrage of bearing stresses = """~~~ T~
calculated for the critical bolt loads af specimens A-1

and A-2. Inasmuch as the plates of specimen B-2 were of

the same thickness as those of specimen A-2, the two

specimens should have had the same valus of Rgp,; for

this reason, the value shown In figure lh is the same &= -
the value obtained from the test results for specimen‘n-z

Empirical curves for specimens B-1 and B-2 were con- - :
structed with the values of Hgp thus found as the
starting points and the average bolt loads at failure

as the ond points. . S o=

The bolt-loed-equalization process probably starts
before Rgp 1s reached; but Rep, as used herein, pro= -
vides & definable l1imit for the transition from formulss
based on the assumption of elastic behavior to emplrical
expressions. Such empirical expressiors are of practical
interest as a basls for desizn at limit load, because . -
such design generally ccmes within the range ‘"between Rcr
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and fallure and current desizn methods make no allowance
for the unequal dlstribution of load among the bolts that
exists within the greater part of this range. The procgess
of bolt-load squalization is undoubtedly more complicated
for Jjoints conteining more bolts in line than the speci-
mens of the present teats. As a result, 1t iIs improbable
that relatlonships for empirlical curves above Rgyp for

multirow joints are as simple as those found in the
present tests. It appears probable that failure of the
initial bolts in a multirow joint may occur before the
rrocess of equalization is completed and may thus cause

joint failure at & load appreclsbly less than the sum of
the ultlimete strenzgths of the individusal bholts.

~ v s

Curves of Bolt Load Against_béflectlon

Deflection of bolts in aspecimens of groups A and B, -
Curves of bolt load plotted agalinst deflection are pre-
sented in figure 16. The curves of figure 16(a) show
aversge deflectlions &85y of the two central bolts, one
on each side of the gap between maln plates, 1n each
specimen of groups A and B. In plotting the curves of
R agelinst 04y, the values of R were those computed
from strain data and used to plot the P-R curves. Curves

obtaired by means of equation (3), & = %?, are plotted

for ccmparison with the experimental curves; and deflec—~
tlons corresponding to the values of Ryp determined

from the P-R curves are shown,

It mey be seen in figure 16(a) faor the specimens of
groups A and B that, in general, bolt deflection lncreased
rapidly after the critical bolt locad Rgp Wwas reached,

Below Rgp there 1s excellent agreement between the

exverimental curves for specimens A-2 and B-2, which is
in conformance with theory since both specimens were of
the same thickness and fastened with bolts of the same
size and material. There is Zoocd agreement, moreover,
between the experimental points and the plot of equa-
tlon (3), as the greatest difference for either specimen
is about 10 percent of the corresponding enalytical value.
For specimen B-1, the experimental curve diverges from
the curve of equation (3) between the origin and Rgp by
a maximum of L5 percent and shows & divergence of about-
30 percent at Rgn. Such disparity 1s not surprising, as

1. ‘ll S

' T
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the auxiliary tests show thet presumably identical bolts
may deflect amounts that differ by as much as %5 percent
and the two methods used in the determination of O8ghy

vield results that may differ by apnroxlmately 15 percent.
The experimental. deflectlon at Ry, for specimen A-1 was

about 36 percent greater than the value computed by means

of equation (3); aend between the origin and about Eﬁcr,

the differences were between 10 and 20 percent. T
The experimental relationships for asvecimens B-3 anc
A-3, as shown in filgure 16 (a), are represented by defl-
nitely curved lines. Apparently the stralght line repre-
senting equation (3) is anslogous to the secant line used
in determinations of the secant modulus of elasticity for
materials having nonlinrear stress-straln curves. TUp to
e bolt load of one-fourth of the average bolt-load at
failure, the measured deflectlons were approximately
70 percent less than the analjtical values; and at one-~
half the average bolt load at fallure, about [}5 percent
less. -The curve for specimen B-~3 crosses the analytical
curve at sbout 0.8 of the average bolt load at failure;-
and the curve for specimen A-3, at sbout 0.63.

Deflection of bolts in auxiliary (steel) specimens.-
The bolt load egainst defiection (R~0) relationships for
bolts in two specimens for the auxiliary shear tests gre -
shown in figure 16(b). From these relationships & com~"
parison is made between two methods for the experimental
determination of average bclt deflection, and deflection
characteristics of bolts loaded under the same conditlons
are compared. The R-~87 and R-5) curves show deflec-

tions that were determined separately for each bolt.
Deflections &7 and 82 were averaged and .are plotted

for comparison with values of 64y, wWhich were computéd.;;“

from data for svreading of the g&p between main plates;
and curves obtained from equation (3) are shown for com-
parison with the experimental results..  _

In figure 16(b), the experimental deflections &3
of bolt 1 in specimen 1 and O&p eand 5av of the bolts

in specimen 2 agree with values cslculated by means of
equation (3) within 3 percent below R =5 kips. The’
measured deflections &p and ©&azy of the bolts in specl-

men 1 were approximately 25 percent less and. the deflec—"__

tions 87 of bolt 1 in specimen 2 were about 35 percent
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greater than values of deflection determined from equa-
tion (3). The averages of 61 and &6y were about

15 percent-less for specimen 1 snd about 15 percent
greater for specimen 2 than deflections computed by means
of equation (3), and both sets of aversesge deflections
were from 10 to 15 percent less than corresponding values
of &gy, Which were based on measurements of gep move-
ment, - - ~

Discuséion of results in relation to the R=5 curves.-
It is seen from the deflection curves (fig. 1b) that Reps

as determined from the P-R curves, was the load carried
by 2 bolt near the beginning of appreciable yield of the
bolts or plates or both. It may also be noted that a
greater rate of deflection of the bolts in the stesl
specimens occurred above a load of 5 kips whereas 1in the
aluminum specimens this action always commenced at -lower
loads. Such action is due to differences in the bearing
beheavior of the two materlals.

Fcr the comparatlvely thin'specimens, A-3 and B-3
(?or wkich 'é% = 1.54 &and 1.33, respectively), the rela-
tionships between load and deflection were nonlinear; for

the thick specimens, A-2 and B-2 (for which é% = O.SO),

approximate linearity was shown to about 60 percent of
the ultimate bolt load; and for the specimens of balanced

deslign, A-~1l and B-l (for which %L = 0.80 and 0.67,
p .

respectiveli), approximate linearlty existed to about

50 percent of the average bolt load at fallure. Probably
the difference in behavior of bolts in the varlous speci-
mens may be attributed to bearing action. The effects of
bearing vary with the bearing properties and the relative
dimensions of the bolts and plates, and bolt deflection

in the thin specimens (%L = 1.33 &andé 1.5%) was largely
p

dependeat upon bearing ection. The observed nonlinear
relatiocnship for deflection of the bolts in specimen B-3
explains, for the most part, the slightly curved shape of
the P-R variation for specimen B-3 (fig. 15). In the
calculation of bolt—deflection by equatiom (3) the bearilng
terms in the expression for ¢ have less 1influence on '
the results for a constant bolt size in specimens with

12
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thick plates ('EQ' = 0.50 to o.80> then with thin plates
D

(%l = 1.3% and 1.5&). It appears, furthsrmore, for the

D

thick specimens %l = 0.50 to-O.BO) that equation (3)
furnishes as satisfactory an approximation of deflection
zs measured values, because of the variation in the : -
bolts and uncertainty that evidently attends the experi- T
mental determination of bolt deflection. Also, despits :
the nonlinearity of R-§ curves for the thin specimens,
the assumption of & linear relation between bolt load
and deflection was satisfactory for use in conjunction
with equatlon (1) to establish P-R curves for speci-

men B-3 (-1-:2- = 1.33).
P

Fortunately, the analytically determined bolt-load
relationships are relatively inscnsitive to appreciable
changes in magnitude of the bolt constant € or the plate
constant K; nevertheless, further investigation of these
factors 1s necessary. The effect of bearing has a2 large
influence on the magnitude of C, and the present test
results that are given as R-8 curves polnt to greater
uncertainty of the adequacy of the beuring terms than
other terms in the expression for (. In addlition,
further study of K 1s desirable, aa short pltch may
cause behavior that would make the actual bolt louds
more dependent upon this facter than is Indicated by
present knowledgse. _ : T -

CONCLUSIONS

The follcwing conclusions are drawn from the results
of this investigation and apply to symmetrical butt Joints
made of 2l;8-T aluminum-alloy plates joined by two or threse
wring-fitted alloy-stecl bolts of the same size with the
bolts in a single 1line in the line of applied static loads

1. Por joints in which the total load 1s imposed qn
three bolts, the bolt loeds are not equal in the elastic
range, as assumed in conventional analyslis, &and can b8 A
calculated within about 10 percent by means of the expres-
sions presented in this paper.

2. Above the elastic range, a process of bolt-load
equalization takes place as a result of yielding of the
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plates in besaring, yi=2idinz of the bolts in shear and
bendirg, or a combinsticen of botn; for practicel purposes,
this sction ceauses the bolts to support-equal loads when
Joint-failure occurs,

- P

3. Above the alsstic rangs, slso, the anslytical
curves can be exterded in an empirical manner and this
extension may be used to provids a besis for limits=load
design.

L. ‘For joints in which the totel load is imposed on
two bolts, the distribution ofr load to the bolts at the
ultimate joint load is less affected oy fabrication ine-
qualities and variability of materials than is the distiri-
bution 1n the elastic range.

Langley Memorial Aeronautical Laboratory
National Advisory Committes lor Asronautics
Langley Fisld, Va., December 20, 1945
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APPENDIX A

DEVELOP: ENT OF ANALYTICAL EXPRESSIONS USED IN
DETERMINATION OF BOLT LOADS FOR ELASTIC
BEFAVIOR OF SYMMETRICAL BUTT JOINTS
General Bolt-Load Relationship
Definitions end assumptions.-~ The type of bolted
connectlon deaIt with herein 13 termed a "symmetrical
butt Jjoint. In order to clarify the meaning of this

phrase, the jolnt arrasngement is dsflned by the following
conditions:

(1) The butt straps must be of the same thicimess
and material, (A butt strap and the main plate mey be of
different materials and may have any thickness ratio.)

(2) The bolt pattern must be symmuetrical adout  the
longitudinal center line of tne joint. (The pattern may
be unsymmetrical about the transverse center line lying
in the gap between main plates; such a case constitutes
two sepsarate problems in the determinstion of loads -
carried by belbts in tue two halves of the joint.)

(3) Bolts in the same transverse row must be of the
same size and materlal but need not be the sdme as those
in any other row.

In the analysis of a joint as & staticelly indeter-
minate structure, there are certain conditions that umust
be known or assumed. For the vresent-solution, the
following assumptions are made:

(1) The ratio of stress to strain 1s constant.

(2) The stress is uniformly distributed over the
crosa-secticns of main plstes and butt straps. =

(3) The effect of friction is negligible.
(L) The bolts fit the holes initially, and the

meterial In the immedlate vicinity of the holes is not
damaged or stressed in making the noles or Arserting the

bolts, T
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(5) The relationship between bolt deflection and
bolt load is linear 1n the elastlc range and may be

expressed as & = %?, in which C 18 a bolt constant:
to be determined subsequently.

Analysis of symmetrical butt joint fastened by boltis

in 8 single line in line of applied load.- Brlefly, sclu-
tion of the problem consists of the following steps:
After load is appllied, a part of the joint between bolts
i and 1 + 1 within the Joint—is considered (fig. 18),
and the length p + &, along the main plate between the
two bolts 18 added to the deflection of bolt 1 + 1 and
equated to the lsngth p + 4y~ along the butt straps
between the two bolts plus the deflection of bolt 1.
The deformations are expressed as functions of the loail
and deformatlon chsracteristics of the plates and bolts.
The resulting equation 1s solved for the bolt load Ri+]

in terms of the bolt load Ry, the joint load P, and
the elastic constants of the plates and bolts.

It may be seen in figure 18 that
p +'_Ap + 8441 =P t 45+ 03

B1+1 = B3 - A, + 44 (A1)
From assumption (5),

fi41 = %ﬂﬁiu
anc _

- 51 = =Ry | . (a2)

The load in the main vlate between bolts i and i+1
is equal to the joint load P minus the sum of the loads
on all.bolts §§fR preceding the part of—the Jolnt under

1
conslderation; that 1is,

Load in main plates between bolts 1 aend 1 + 1 = P —ﬁ_’_
: 1

R

K
RN

i

L1
Rty
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The loads in the butt straps between bolts 1 and
1 + 1 are equal to the sum of the loads transmitted to
the butt streps by all bolts preceding the section under
conslderation; and since there are two butt straps, {
1
Load in one butt strap between bolts 1 and L+1=3 >R
1

With thess relations _and the second asssumption, the
prlate defaormations may be written es - o

o p
% = t,E \F T 2R
P 1

_ 1 P i
be = 258 ¥

8
) et
. P _ Kp
- btpE
- p
= K
bt E 8

The plate deformations may then be written

Kp(;“)

. < SR
by =3 Z >R _ (£3)

Substituting expressions (A2) and (A%3) into equation (Al)
. gives -

-

thH'

c S : :
i+l _ C3
. S Ri41 = > Ry - (j - ;> R L o

Solve for Ri+l

_.l_ Ry + EEE;i_EE :Z:R
Citl 1 Ci+1 1 Cita

=P p (aly)

Ry =
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Nurierical work is facilitated by letting

1 1-1
;L_R = Ri + E R
1 1

Rewrite equaticn (4&l})

¢ 2K + © 2K 2K + KS i=1
R © 5 * o R TgoP t g 2_R (45)
’ ‘141 Cs+1 i+1 1+1 1

wmguation (A5) ia the general ralationshin between
tie loads on any two successive polts. In the lorr shown,
this equation 1s resdily adastable to numerical calcule-
tion without obtainineg general formulas for loads carried
Uy (ndividual volits of thwe joint. 1If deemed orereravle,
equation (A5) mey be used to deternine general expres-
sions for individual bolt loads. The numerlical procedure
i1s 1llustrated in sposndix B, and genersal formmlas for
loads on the bolts of the three-bolt test snecimens are
snown 1n appendlix C.

A case that occurs freguently is tuat in which the
bolts are all of the same materlal and slize and the butt
strans are of the same materisl As the main »late with a
thickness equal to one-nalf that of the mailn plate.

Then - .

Ci = 0141 = C

2K, = Kq. _ - -

e 2k, Ke | 2Kg -1
s ) i -
- Rl TR STERCEEI T 2R (K) -
z — |

Equation kAé) applles to the specimens of the tests
revortsed in this »aper.

Analysis of symmetricel butt joint festened b» bolts
in several lines parallel to spnliad load.- A solution or
the general case iIlustrated In IlIgure 19 may be obtmined
if, in addition to the assumptions made 1In the first sec-
tion of this apnendix, 1t is assumed that tihes bolty in
any transverse rc¢w 1 are loaded equally. In a manner
similer to that in which equation (A5) was obtalned, it
may be shown that

[

||I¢'I
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Cy N1 (2Kp + Kg) 2K
Ri+1 = Gi+1Ri T Gier . M7 Gianf

;Z__ R — 7(A7)

It 1s probable that less accuracy would be realized in

the application of equation (A?) in the analysis of

Joints of the type illustrated in figure 19 than in the
analysls of jolnts of the type shown in figure 17. Posner
(reference L) developed 4 relationship for lap joints
similar to equation (A7) from a considerstion of plate
deformations in tenslon end in bearing of the plates under
the bolts or rivets, In the determination of bolt con=<
stants, Posner neglected the effects_of shesrinz, bending,
and bearing of the bolts. A5 a result, for &ny gliven bolt
pattern and joint width, Posner's solution yields identi-
cal results for all bolt sizes or for all plate thicke-
nesses when the thickness ratio of the lapped plates is
constant. The solution contained herein, which is in
agreement with the test results, shows that such a con-
dition does not exist for butt joints.

C1+1

Determination of Bolt Constant C

FPactora affecting C.- In the development of the
general bolt-load relationship, it was assumed that a
linear relation exists between bolt deflection and bolt
load in the ‘elastic range. The relation i1s stated as

CR

& = -y © (a8)

From equation (AB8) it may be seen thet ¢ 1is affected
by the factors theat influence deflection. These factors
are sheearing, bending, and bearing of the bolt; and, as

C 1s used herein, the localized effect of bearing of the
plates 1s included 1n the determination of C.

Since the bolt is loaded and acts in a highly com-
rlex manner, the deflection 1s not readily determined.
A solution for C will be obtained by assuming the bolf -
to be a fixed-end beam loaded as shown in figure 20, As
related to this assumption, 1t should be remembered that
the theory of elasticity shows that the basic assumptions
underlying conventional beam analysis sre violated when
such enalysis 1iIs spplied to this case. A more refined
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solution appears unwarranted, however, in view of the
uncertainties introduced by the practical conditions of
Joint construction. Furthermore, the nature of the prob-
lem and pressent expsrimental results indlicate that a
highly exact determination of C 1s probubly unnecessary.
Expressions obtained on the basis of the roregoing and
subsequent assumptions, however, require experimental
checking over a wide range of joint-arrangements before
they may be considered generally acceptable.

Effect-of shear, bending, and bearing of bolt.- The
deflectlon caused by shear, bending, or bearing 1ls deter-
mined separately and equated to an expression of the form
of equation (A8) to obtain the part of ¢ that may be
attributed to oach erfect. Doflection is measured rela-
tive to & line that passes through the centrolds of the
end cross sections of the bolt, and shearing and bending
Aaflentinna sra fFound at the centser of the span. The
unit bearing deformation is defined as & percentage of
the bolt diameter, and vearing stress is computed 1n the
usual manner as R/tD. The bsaring modulus of the bolt
Eby,, 18 assumed equal to the compressive modulus of the

bolt material., It i1s then found for shear that

c a(2tg + tp)
bs )-J‘GbAb-

where a is a constant depending upon the shape of the

(89)

cross ssction and is equal to /3 for a circulur section.

Thus

2ty + t
Cpg = ——= (110)
A 2GpAp :
For bending,

- = 11
Oob : 192EypIp (a11)

For bearing,
= EEE_i_EE (A12)

7PEr T EbeBogy

BRI

-
1
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Effect of bearing of plate.- The assumption of a
uniform distribution of stress in the plates gives satis-
factory results when an average elongation is the quantity
to be determined. Such an assumption, however, does not
take into account the localized effect of bearing of the
bolt on the plates. This effect is of greater importance

when the bolt is of a harder material with appreciably -

greater bearing strength than the plate than when the
plate is harder. This statement may -be clarifled by &
consideration of the behavior of a bolt and a plate under
bearing load. The material of .the plate can flow outward
at the edges of the hole and thereby permit further ’
bearing deformation. This action produces a bulging of
the plate under the bolt, an example of which may be gseen
by inspection of specimen A-1l in figure 3. The bulging
i{nduces a secondary effect by increasing the bearing ares
which in turn tends to provide greater resistance to
besring deformatlion. The materlal of the bolt 1s more
confined than that of the plate; consequently, the bolt’
must deform more by a process of compaction than by flow
of the contact surfaces. It folXows that the two con-
ditions represent different aspects of the bearing prob-
lem and that bearing of the plate is more critical when
the material of the bolt is as hard as or harder than
that of the plate, which is generally the prevaillng con-
dition in airplane structures. &pstein (reference 7)
arrived at similar conclusions in regard to the bearing
actions of the bolt and plate as a result of his investl-
gation of bearing strength. Therefore, in the deter-
mination of plate deformations, provision must be made to
include bearing deformation of the plates. Although
bearing deformation is a function of the dimenslons and
elastlic properties of the plates as well as the load,

this deformation can be estimeted more readily in terms
of bolt behavior. For this reason, the resulting correc-
tion is applied to the bolt constant C rather than to
the plate constants X, and Kg.

The unit bearing deformation of a plate is defined
as a percentage of the hole diameter, and the diameter
of the hole is assumed equal to that of the bolt, Bearing
stress is computed in the usuasl manner as R/tD. In the
manner used in connection with shearing, bending, and
bearing of the bolt, it is found that

o = 1 + 2
Por tsEs, .,  tpEpy,

(A13)
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where E and E ere the bearing moduli of the
Sbr Pyp

plates, which are assumed equal to the-compressive modulil
of the plat®e materials in the calculstion of C.

Combination of terms.- The bdlt'nonstant C may now
be determined by adding expressions (A10), (Ali), (Al12),
and (Al3)

C =Cpbs *+ Cob * Cby,, * Cpbr

2tg +ty Btg? + 1btg + Btotn e + £=2
s D, stp p

C = =37 3095,,7
ooy | 192EppTo
2tg + 1 o
:+_t5tﬁEbbr i *sBspp ¥ *5%ppr (a1k)
| tg~= tp/2, -
C=:?tp ot R L e (A15)
HGpAp 96mbeb tEEbbr tPEsbr tpprr
Since oo LT T
Ap = w2/l
and - - - B
T, = mr/6l
and if Tt L e -
- By -
Ebbr
Ebb .
Espn 5

i1}

sak
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Epp
prr

= I

equation (Al5) may be written

tp e | £\ ‘
BT E ] - memeal
I | )

BExpressions for ¢ for specific combinations of
materials.~- The followlng expressions are limlited to the

1

tp
case where t_ = —=s
s 2

Case I. If average values of generally quoted moduli
of the structural aluminum alloys lﬁS—T, 17s-7, 2LS-T,
258-T7, and 758-T are used, the values of k are within

1 percent of the following: '

kl = 2.66
and
k2 = k3 = ku = 1

For any combination of bolts and plates of these mate-
rials, therefore,

~

8 . t,\2 t \2
c = A <EJ.13 (Ep'> 2.12 ( ) + 1}> (A17)

~

Case II. For steel plates and bolts,
Bpp = Ebbr =‘E8br =.prr = 29,000 ksi
Gp = 11,000 ksi

kl = 2-6’-].
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Comparing these veluss of }k with those for tie aluminun _ A
alioys shows thal equation (A20) also appllies to the cese
of ateel nlates and bolts.

Case TII. For elumimu plstes and steel bolts,

ky = 2.6l
¥k =1 -
2
&nd - - S
20 .
kz = g =—aﬁ—99-9:2*73 .
g + 10,500 B
in which 10,600 ksl 1s an average value of the compressive .
modull of the previously mentioned alwninum alloys. The .
2xpression for C 1is
/o5 \2 £ \2 -
¢ o= 0.1% { ~2 ) = + 1.37 (A13)
By \D ) b/

Jaze IV. For aluanun zain plate, steel butt straps,
and stesl bolts,

kl = 20 6)4 -
K2 = k5 =1 o -
kLl- = 2.75 =
and ~y T
_2 _2\2! )
c = X 1Q
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Case V. For sluninum main plats, stesel butt straps,
and saluminum bolts, —

kl = 2.062
k2 = ku = 1
k, = 0.30

and

i

tpgbb 0.1% (—-P-v [2 12 + (——)} > (AZ0)

The preceding exoressiors can be generally applied
by revlacing tp with a hypothatical thickness equsl to
nne-half the total thickness of the vlates; thab 1s, ' -

- 2tg + ty (A21)

-~
N <

_ ,é—@ Sl

~—

T

C

“;‘“‘
[

+
=i
I
o ,;n

4
\\_46

av ~ ¢

63}

av

-

+ 2k2 + k5 + ku (422)

Because of the anproximste nesture of the expression for
C, the further approximetion inherent in equation (423
is justified and values of Cqa may be readily ietermlned o

that do not differ too much from those calculeted from
equation (Aly). 1In order to examine the differsnces
Involved, the extreme case of tg =t was chosen and

the comparison is given in table L. Table Y4 shows that

Gav is from 2 to 19 nercent less tnan C for any value

of D/t . g : ——

Ik
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APPINDIX B
o NUMERICAL EXAMPLE h

In order to 1llustrete the appllcation of equa-
tion (AS5) in numerical caleunlations, solution of the
following example is given, Consider a five-bolt jolnt
(fig. 18) made up of the following components:

Steel bolts:

3
I

1/l inch
Epp = 29,000 ksi
2L 8-T plates:
- tp = 5/16 in.
ty = 3/16 in..
p=11in.
b =2 in.
E =.10,500 ksi

Since Cy41 = Cy, equation (A5) may be written, from equa-
tion (1),

2K K 2K 2Kp + K ji:l
o t L
Ri+1 = Ry + ——F—Ry - —oP + —E— 34 R (B1)
__P ~ 1 1o
K, =

BUeE ~ (2)(0.159)(10,500) ~ 3940

2p .2 1. _ 1.2
ZK,pt = = =
_~ BtpE ~ (2)(0.%13)(10,500) 32380 %50 |

]
1

a
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The bolt constant may be determined from equation (AlB)
by replacing tp with tgy; then

. ]
Cav_tavﬁbb 013( > 12 12+( ) +187lg

-
2tg + t Z
tav — s . P - 2(0.188)2-!--0.31/ = 0.3}4}_‘_
tay 0.3l

and
X
Cay = E37
Ks

2Ky +
c ~ 2940 1

21 L3 g

2Bp _ _L37 _ .
c 3280 0.135

Starting with the second bolt, successive expressions
for each unknown bolt load are - written in terms of R; by

means of equation (Bl):
Ry = Ry = 1.000Ry
Rp = 1.2l4Ry - 0.133p = 1.244Ry - 0.133P

Rz = 1. iRy - 0.133P + 0.2L4Ry o

i

1.24h (1. 2Ry - 0.133P) - 0.133P + O, 2uuRl

1.793R;~ 0.299P

fl
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R), ="1.24hR; - 0.133P + 0.241(R; + Rp)

=—1.240(1.793R; - 0.259P)
= 2.778R; - 0.537P

i

Now,
P=>_R = 11.255Ry - 1.875pP

and thsreforo

[ o Ve

. _2:075

P = 0.256Pp
11.255

Ro = 1.2bL x 0.256P - 0.1%%p

o
I

3 1.79% x 0.256P

L}
)
O
0
a</

R, = 2.778 x 0.256p - 0.527p
Re = L.lilio x 0.256P - 0.906P

Arithmeticel check: P =S R

In the conventional method of analysis,
that sach bolt carriles the same load, that is,

- 0.132P + 0. 2Lk, (2. 2yR,y - G.133P

R =“1.2L;,LLRLL - 0.1%3p + o.2hu(3 + R

i

-

2 * Rs)

1.2 (2. 778R; - 0. 537?) 0.153P+ 0.2l (4. O§7Rl- 0.4%2P)

Q.185p .

0.159p

0.173P
223p

1.001p

= (0, 200p.

Compering the foregolng results with this value shows A
that the end bolts are overloaded and the interior bolts

carry less load than they &re ususlly

suppoqt. Thus,
= R1/R =
—_ qa/n =
. 3/R
RA/R =

R5 ey

consldered to

1.28
0.92

= 0.30 ¢
O.

37

1.1

)

it is asswied

|

st Dl
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APPENDIX ©

GENERAL EQUATIONS FOR AND CALCULATION OF BOLT

LOADS FOR SPECIMENS OF GROUPS A AND B

Equation (A6) applies to the calculation of the
loads carried by the individual bolts of specimens of
groups A &and B since 2Kp = Kg &and the bolts are : -
all of the same size and material. The expression is T o

2Ksg Kg 2Kg i-1

R1+1 = Ry + —6— Ri e P + G :: R (Cl) '
1

General equations.- For any two-bolt joint when
ZKP = Kg &and the bolts are of the same slze and material,

1t can be shown that Ry = Rp = P/2. From equation (C1) .

R = Ry + 3 Lo (c2) o
2=R+-~Ri-7F7F
Since -
P=ZR = Ry + R
P =Ry + /£ b s op o EeF
- K.1 c 17 ¢
end
c+K;> C+Kg
P =
(: c | 231(: c
therefore
Ry = Rp = P/2 (€3)

Equation (C3) applies to the three speclimens of group
A, since all fulfill the necessary conditions. =
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e
For the joints of group B, the following equations
apoly:
From symmetry

Rl=-‘*l=t3

P=) R= 2Ry + R, (ol

Substituting equation (CZ) into (Cl) gives

K_P
P=2Rq+/R1+EK—-‘—’Rl_-£_\
AN C c /

R, =f —* Ks P | (c5)
1 3C + 2Kg

Substitution of equation (C5) into (cli) gives

Ry =<:——Jl—-—i>r> (c6)
3¢ + 2Kg

Tynical calculations for joint of group B,
specimen B-1.-

From table 1,
p =2 in.

h = ll in.

4

tp = 0.37L. in.

E = 10,500 ksi
For the bolts,
1
=+ 1n,
L
3

D=
Epp = 29,000 ksi
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5 DbtgE (1.25)(0.127)(10,500) 1225

e g 1.5

From equation (Al3)
t_\2 ‘% \2 L

c 8 Jo.1z /—P-) {2.12 +(—p>] + 1.87
tpl‘xbb '\D R _ D B J

t

Substituting in this expression the values of
and t,/D glves

i

D Ebb:

!-'\

_ 3 o . ;1 |
C = 0.13 (1.5 2.12 + (1. + 1.3
(0. 37k) (29,000) 1 5) [ S)J 7
——— l. — 2.
" 327 1255

Froﬁ equation (C5)

and from equation (C6)

= 28N
Go.52 P = 0.270P

The values of R for specimens B-2 and 3B-3 wszre

found in like manner, and the elastic constants and ratios

R/P for all specimens are shown in teble 5.
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- APPSEDIX D

i

VETHODS3 (OF ATALYSIS OFf TZST DATA

Bet.avior of Specimens

Stress distribution in plates.- In the analysis
~iven in apvendlx A, tne stress In the plates is assumed
tv be uniformliy distributed. The photoelastic studies
ol' Coker snd Filon (reference 9) and Frocht (refer-
eance 10), however, show that a nonunifors stress
distribution exlste In the plates of bolted joints.

In the reduction of test data, »late loads were calcu-
lated on the essumntion of a walform dlsirlbution of
stress; the stress was computed from an average strain,
which was determined. as the asrithinetical averspge of -
three strelns measured on the gaze lines shown in
flpure 17. In order to stud¥ the memner in which the
true stress distribution affected the actusl Yelt loads
;13 1hHé calculeted nlate loads, a brief discussion 1s .
given in connection witn the observed strains.

It was observed that the streain distribation
varied with load (fie. 17). At low loads tks strain
dlstribution was apnrozxi:setely unifcorm; but, as the
Joant load was increased, strainS"'ei megsura& on gage
line 1 incressed at a faster rate than the strains €2

neasured on gage line 2, directly in line with tae bolts.
Althcugh €3 increased mare ranidly with load than €2

et all sections, the amount and rate cf increase varied
considerably from section tc section of a speciren.

All specimens exhibited similer benavior but it was
somewhat mora pronouncsed in specimens A-3 and B-3,
Srom which the data plotied 1n figure 17 were obtalnsd.
The nlotted noints represant the avereges of strains
measvred with all gages, which were loceted in similer
nositions on the butt strans.

load-strain behavior of t:e tyve shown 1in figure 17
hes been reported nreviously (references 5 and 11)
In reference 5 several sets of stress diagrazs for
rivetad end piln-connected jecints ars given, which
indicsate Lhe same tendency and in sonme casss show that
directlv in line witn the rivetas the stress chengses
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from tension at low loads to compression et higher loads.
If an irreguler strain distribution based on the diagrams
of reference 5 is essumed, nlate loads mey be calculated
end compared with the nlate loads computed on the basis
of average strain; the followlng comparisons are made
on this basis, ' :

The greatest percentage veriation of neasured
strain occcurred at section 2-2 of specimen A-% at a
joint load of 8.5 kins, where the center strain €5

was avproximately 25 mercent less than the average
strain €4, . The laoad in the butt straps at this

section commuted on the assummtion of the irregular
strain distribution ia ashout 7 percent greater thean
the load computed on the basis of average strain. The
two methods give loads at section 2-2 that differ by
about 3 nercent for specimen B-3 at a joint locad of
. approxinstely two-thirds the ultimate and for specimen
A-3 at sbout one-half the ultimate. At lower joint
loads the differences are nsgligible. At section 1-1
the difference is less than 2 percent in 2ll cases.
At section %-3 of specimen B-3 the maximum difference
is 3 percent. For the remaining speciimens the
differences at corresponding sections are less than
those Jjust cited.

It nay be concluded in regard to the specimens
nf these tests that, at the sections where strain
measurements were made, the assumption of a uniform
stress distribution nrovides a ssatisfactory means for
the calculation of »nlete loads., The plate constants

Kp and Kg, which are assumed equal to plate deformation

N

ner unit of load, are not necessarily determined with
corresnonding accuracy on the basis of the same
gssumption. The stress distribution undergoes a very
considerable change from s section midway between
adjacent bolts to a section through the bolt hole.
High stress concentrations are present in the viciniTy
of the hole, which cause yielding of the material
eerly in the load history of a joint and are largely. -
responsible for the actlion illustreted in figure 17.

To take such actior into account theoretically would
involve correction of the plate constants Kp and Kg,

which would result in nonlinear curves of jolnt load
sgaint bolt load (P-R) for 211 bolts of a joint. Such
correctlion indicetes that the first bolt carries a h
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greater load than 1s at present determined by means of
any proposed elastic theaory. Previous investigators
neve found exverimentally deterinined loads on ths first
holt greater then trose computed by mesns of an elastic
theory (references 3, 5, and 6). It will be necessary,
ilowever, to secure more information about tne stress
distributlen before revised values of K~ can be
incoroorated in the theory.

Lateral bending accompanying transfsr of Solt
loads To butt straps.- In the analvsis glven 1n
appernidix A, & bolt losd is assumed to be distributed
uniformly along the bolt. It has long been recognized,
however, that ths bolt l¢ad is distributed so that
tie resultant of the portion transmitted to one butt
stren lies within the half-thickness of the butt strap
gajacent to themein plate. As & result, a lateral
vending moment actingz in a plane normal to—the plane
of" the butt strep is induced in the stran. Thils niotent
18 resisted partly by flexural stiffness osf the strap
and partly by direct tension in the bolts. In tluese
“*ests the nuts were loosened in order to minimlze
frictionsgl effects end for this reason leteral bending
was largely resisted by stiffriess of the straps.

The oresence of latersal bending momént in the butt
strsps hss a negligible effsct on the values of the
bolt .loads. Annroximste calculations indicate that this
lateral bending moment affects the load on the first
polt to an extent of tne order of magnitude of 0.2 per-
cents The princlpel difflculty caused by lateral
bending lles in the interpretation of strain data.
Because of this bhending effect, correction.of calculated
plete loads is necessary in some cases; this bending

is explained in the followiag section in connection with _

those specimens for which correction was required.

The presence of lateral bending moment wes confirmed
experimentally by strain measurements taken on the outer
surfaces of the butt streps at the centers of tnre joints.
That monment existed in all cases except thin svecimens may
be verified by reference to table 6. In table 6 the
test specimens are listed according to decrosasing .
thickness of the plates as evlidenced by increasing ratios
of bolt dlameter to butt-strap thickness D/tg. The

tabulated values are ratios of internel load to apnlied
load. Internal loads were determined at three sectlons,
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O

at each of which it was kmown from conditlons of equili-
brium thet the total applied load was resistsd by the
nlates upon which strain mPasurements were made. Vailues
of PU and PL were calculated from straix data

obteinad at sections 3 inches bsyond the first bolt
in the upper and lower main plates, respectively
(fig. 1). Values of ©Pg were cakchlaued from strain
meegsurements taken on the butt straczs at tne centers
oi" the Jjoints. It may be noted from table o that :
P /P 1s less than PU/P and PL/*’ in which cass ST T

each of the last twc always have the expected vaiue of
unity within 2 percent. Also Pg/P 1s influenced by -

the number of bolts fastening the plates and decreeses
frow. unity as D/ty decreases. This behevior 1s

attributed to mors flexurel resisterce of tne butt )
straps together with greater bending deflection of the o
bolts in the thicker swecimens, which Is ecconpanied by - -~

grester bolt-load eccentricity. Curves cf Pg are S

shown in figures S5(a) and 7(a) to 15(a). It mar be
seen in figures 10(a) to 13(#) that PS/P is constant

which 1s indlcative of a constant bolt-load eccentricitvy,

un to one-nalf of the ultimate load. The rslstionsl:in

ceagas to b3 linear at higher loads, sxcest for speci-

mens A-%2 and B-%2, Zvidently the butt-strep bending . T
increases at a gresatsr rete beceause.of incresasing bolt- ‘
load sccentriclity attributable to _the large bolt
deflections thst occur st wigh loads. Curves cf PU

and P, ere not presented, as tine strain behavior was

f1lly in asccora with thsat which would ke predicted at
ssctions where these values were determined._ As the
tasts were in yrogress, it was observed that the effect
oi" the eccentric location of ike resultent bolt loads
caused the free ends of thie butt streps to move outward ~
from th> main plates. licvemert was, of course, per-
ceptinle only et nigh loads. A similer behavior has
vesn noted by previous investigators (reference 12J.

In the usual types of bolted or riveted jolints,
it eppears likely that btending of the streps would-be
relisved eonreclably because cf tension in the bolts or ~—
rivets, except at loads approaching tie ultimats. As '
the bolts or rivets undergo larze deformations at loads -
near the ultimete, they are unsbls to carrv he tenslle -
loads necessary to relieve bending.
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Analysis of Test bData

Calculation cf bolt loads from strein deta.- In
seneral, tne lcad on a bolt was calculeted as tiis differ-
ence betwsers butt-strap loads at sections on esch sids .
of the bolt. The tensile modulus of elesticity used
in the calculations was E = 10,500 ¥si. Stress-stra.n
surves plotted from ternisile test data for counons
fepregsenting the plates ware tyoical of 213-T aluninum
n‘lov;‘moduli of elasticitv deterrined from these
curves were within 2 percent ol the recommended sctendsard
value—of 10,500 ksi.

For sweclmens A-% end 3-%, the butt-strap locads
wers computed as the sross area of a butt-stran timsa
tiie averaze stress. The aversge stress was considered
te he equal to the arithmetical average of thrae
measured streins multinlied by the modulus of elasticity.
"he load on the first bolt R; was found by adding the -

hbutt-streo loads at sectlion 2-2 for snwecimen A-7% and at
cection 3-% for svecimen B-3 (fig. 17). Load on the - e
second bolt R, was feund by subtracting R, from the .

sum of tne butt=stram loads at sectiion 1l-1 for swveci-

men A-3 end et section 2-2 for snmecimen B-%. TFor B-3,

load on the third bolt R3 was found by subtrectiing -
tiie quantlity Ry + R, from the sum of the butt-strap

loads P, et section 1-1. The remsining bolt loads

Ry» Rg, &nd Rg were determined in the same menner. _ -

In the case of specimens A-1 and A-2, nlate lcads
were cetermined also by this method. Lsteral osnding . ) o
of the butt straps, nowever, necessitated correcticn ) N
of the wvalues. TFrom thie method of strain measursment . -
(bv use of the gages on the cuter surfeces of tne straps), L
the megnitude of the bendins moument could be evalusted. e
only &t ths section where PS was determined. It was

assumed that the errors due to bendinc ware prascrtlonal

P L. - . o B . » - - - 41
to ;? ~ lyend correction was made by multiplrying thLe

hutt-strav loads by ©P/Py, after which the bolt loads .

were found in the manner used for specimen A-Z. iith
reswect to svecimens B-1 and B-~-2, queslitative studles
indicated lsteral bending moments of the same sizn et
sections 1-1 and %-3 (fig. 17) witn moment of o»vosite _ -

———

— _ . - T
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sign at section 2-2. On this basis and the sasssumption
P
that the errors were proportionsl to £ . 1, the butt-

strap loads were corrected by multiplylng the lcads at
sections 1-1 and 3-3 by ?P/Pq end the loads et sec-" "~

tion 2-2 by P, /P, after which tke bolt loads were found

in the insnner used for specimren B-%. Although 1t was
clear that at any one joint load tne same correction
Tactor did not apply at all sections, since the moment
varied along the lengths of the butt straps, due consider-
ation of the seversl factors involved in the bshevior of
all specimens indicated that the correctlion procedure

was fairly adequate except at high loads for specimens B-1l
and B-2. The curves of Pg are shown in conjunction wlth

the bolt-loed curves in figures 5(a) to 15(a) because of
their interrelationship owing to the use of Py 1n the

determination of correction factors.

Calculetion of bolt deflections.-~ In studylng tae
load distributlon In bolted or riveted Jjoints a number
of investigstors hsve made use of the "loadslip¥ relation-
ship or the deflection of the rivets or bolts (refer-
ences 1, 2, L, and 5). In the usuel types of bolied joint,
deflectlon of the bolts is not amenable to measuremsnt,
snd the procedure to date has been to make indirect
determinations on the sides of a joint by observation of )
the relative movement of the plates. Such methods,
although approximate, ere generally employed in the
determination of bolt deflections; but the accuracy with
which deflections are found cannot be stated with cer-
tainty. In the nomencleture of the vpresent paper, tne
deflection relationship is

& = cr/2 (D1)

The comparison of measured bolt deflections with values
determined from equation (Dl) furnishes a means for
examination of the validity of the expression for the
bolt constant C.

The deflection of bolts in specimens of groups A
and B was determined from data obtained during the tests
to fallure by measurement of the spreading of the gap
tetween-main plates at the center of each joint. Total
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ovensmt was computed as the &veraze o mweasure:ents
taken on both sides cf a snecinmen. Fron tids value,
elongation of the butt straos bssreen the two bolts

on eaciy side &f the gap, considersd to be PL/AB, wss
subtiracted and tiie average defleciion &gy of tus two

boltys caleculeted as one-hkalf the differenca.

In order to comoare the forezoing méthod for
obtainine bolt deflections with a method by whici thre
Jeflection of each bolt was separately deterisined, both
nethods wers uséd in two of the aax tiliary shear =sts of .
Solts The sensratelv determined bolt deflsctions vero

L ~e
ubvaiued from measure:zents trken from butt strap te

masn nlate on ompocite Taccs of a specimsn at the ends cf
g2 butt strens. Deflection was celculeted rs tas-
avcraze of ‘the two values measursad on orposite faces
sanus the elongatlon of the main plate in the lensth
from"t~e center line of tne bolt to tne qtrain-gage
lozense on the main plate. ' a
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TASLE )
e ELEVXFTS OF TEST JOINTS
Matertal |womter of oo Neasured dimsustons
Glassificstios P o dimeneimns -
Pistas Bolts sl o, jp, | % |8 1B | % s A Remares
bolis per| ‘D t | (1o){(2me)]{(2n.)] (tR.) |({eq 1a.){(sq in.) -
ta) Jol.ug. Y s (o), )
Aed 5 | 0.80| L.60}0.257 0.308}3. 250 1.6 | 0.19% 0.385 | 3almoced destgm
a2 .50] 1.00] .251 | .ugglr.2es]2. .52 L2 | Joint designed o
oroup A As-r {s.a.8. 3P 2 4 » = h993.235)1.250|  -335 Fali in shear
. 1. 2091 o . . . . . Jolat designed %o
&3 5 si| $.09] .0826| J162{1.237|1.di9] .1022 203 atat ‘; gl ta
-1 s | 67 1.33] -286 | a7i(1.2s3)1 7] .23 457 | Palenced dssign
B-2 5 | .50] 1.00} .250 | .501]1.253|2.251] .33 625 | Joint casigned to
Group B 3.7 | s.ax. 2330 3 fail in shear -
. 75| . p . . . . 1gned
B-3 . 5 | 1.33] 2.75] .0922| <188 |1.253{1.263] .2a54 236 Jolab destened to
1 s 1% .s90°1.00| 250 | b2z uasofai.zse] o33 527 | Jetats designed to
S, 4.3, atl 1a ohe
m:w ) } [3TH] S.A.B. 2330 1 5 |° .63 1.20] .208 | .hoo il.lso 1.250] 260 «300 e

83 _A.E. 2530 or -qns.v-hn:.

Boroas sres = bt.
[}

: L
De rfrom lons.
“
TASLE 2
TITTYATS DOUMA-SHEAR STEENGTRS OF {-INR
HRAT-TREATED (125 ksi) ALLOY-STEEL BOITS
R % = B
ks xp? (m}"
Spesizen “ltd';ﬁ' R K'E ) Remarks
(i)
Mmy 7.36 75.0 ~=~v- | Beferenes B
Anxtlary 1 8.39 8.3 79:5 {'pefidatians Teasuret (Belt 2, ig. 1€)
g.;g & 117 Dozhcticclw not ceasured P
7.78 79-5 ;5-3 Do.
Auxiliery 2 a.zz 8. B2, Defleoticos messured ibon 1, rig. {2} Iy
9. Zg.% 93.5 peflactions measured (bolt 2, £ig.
T . T8.: peflectimns ot ssasured.
A-1 7.98 81,3 103.8 | average of bdolts 1 md 2 (fig. 18)
A-2 8.02 81.8 64.3 | average of two bolts 3 wnd 4 (fig. 16)
Be2 8.o1 82.2 6.6 | average of bolts 1, 2 end 3 (fig. 15)

Llels 2 of suxiliary specisin 1 was nct shesred; it was
used to cswse fatlure of bolt 2 of -uu:.uvy lpoc:n-n 2
and 13 therefore inown to hawe =z atrength greater than
9.7% kips.
WATIONAL ADVISOXY
GONMITTER POR AERCUAUTICS
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-
TABLE 3 R
. LOADS AND STRESSSS AT R, MMD PATLURE ) e -
. - +
SEIANL T U Lo o ALLEE SR :
3 a
Olasesifiostion .b?‘ﬁ h:d ‘(,?tr?. °(k“‘)’ .:({1“}‘)." {(xad) oin TYPe and location of fallurs
L] a P!
pe) Bearing |Shekr T.:(:;J).on Bearing] Shear p-x(:;gen
A=1 7.00 3.88 50.4 | 39.6] 22.8 15.96 103.8 | 815 ] 51.9 |@hesr; bolts L end 2
Oroup & | A-2 . 8.00 L.80 38.4 | 48.9f 16.0 16,04 64.3 | 82,71 32.1{ Shemr; dolts 3 wnd k
A=3 s 12 133.2 | S5h.1| 67.1] Tension; at bols L, through net
sectica of mein plate
Bt .50 | .16 Wa-T | L2.3] 30.6 23.ho 8.1 79.6 | 62.7 | Tenstan; at belt L, through net
section of main plete
Group B | . o 25,56 4.8 384 | LB.9] 2z7.2 .20 64.6 | B2.0 | 48.4 | Bneer; Dolts 1, 2 and 3
23 8.25 5. 70.4 | 33.0] kL7 12,02 87.3 | k0.9 | 65.L jrension;: at bolt 3, through net
section of butt straps

'Lunp of meximum Bolt losds 's.n upper er.d lower jointa.

'caqutod ‘19ing net area egqual 80 peroent of gross ares.

%Based on Average of besring stresses a: R, for specimens A=1 and A-2.

dpetermined from test of spsoicen A~2. . K

TABLE L ) PN - cdia el

CONPARISOX OF G AKD Og

L S

Case :53- n?x‘-i:- Bolt J[ Bop 9Cur x
) Cent) by (x| % | %
n/tp =0 l"/t.p s 00

— I Iy A A |10,500 |2.66 |1 2 1 2.3 11,2
—_ 11 s 8 s }l29,000 j2.64 j1 {1 1 2.3 1.1

IIr| a A 3 |e9,000 |2.64 [2 |2.73}2.73| 2.3 11.1

v A [} s }29,000 |2.64 |2 |1 2.73 2.3 19.2

v A s A 10,500 {2.66 |2 36 11 2.3 1.4

1
A refeps to mny of the Aluminum slloys, l48-T -
98-1, A5, 255-7, eod 7581, g

8 refera to atesl. N .. . e e aaaa — -
RATIONAL ADYISORY
COMMITTRR FOR AERONAUTICS

i, .
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TABLE 5

BOLT AND PLATE CONSTANTS

AND ANALYTICAL BOLT LOADS

Specimens D/t tp c Kg R1/P Ro/P
’ (1)
A-1 | 0.80 | 0.208 | 1432 |2cecea- 0.500 | 0.500
group Af A-2 «50 499 1/35h4 | eee-e-a «500 <500
A=3 | 1.52 162 1/296 | m~ee=e «500 «500
Bel .67 37k 1/1132 1/1225 «365 «270
Group B| B-2 .50 .501 | 1/355 1/1640 «354 .292
3-_5" 1.34 .188 1/329 1/607 <378 24k
1Based on measured dimensions
2ot required
TABLE 6

EFFECT OF BUTT-STRAP BENDING AS SHOWN BY

COMPARISON OF MEASURED INTERNAL LOADS

Sw.
Internal load
imen o 222 o
spee ta PU P L Ps
P P P

A=2 1.00 1.000 0.995 0.897
A=l 1.60 0954 .98l +935
A-3 3.09 .| .9835 | 1.000 .986
B=2 1.00 1.000 .99 927
B-l 1.33 «995 .986 +965
B=3 2.75 1.015 1.016 -99L

NATIONAL ADVISORY .
COMMITTEE FOR AERONAUTICS
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L1 1::::::’:::3. W] e

- Standard tensile specimen cut

from central portion of
sheet from whch main
plates or butt straps
were obtained
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-
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8 RE i 54\ I .

25 Sym. ¢ -

‘*\ o 4

h .
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J (S

T e[,

2

Two-bolt \join_?-, group A

£11 bolts, £-inch heat-treated
(125 ksi) alloy-steel bolts, : :
electrical strain gages, 3 -inch. Three -bolt joint; group B .
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COMTTEL FOR ALAONAYTICS

Figure | — Test specimens and arrangement of strain gages. (Arrange-—
ment of gages duplicated on opposite face of specimen.) N — . = -
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Figure 4.- Bide view of fractured specimens.
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NACA TN No. 1051 Figs. 5a,b,6

28 [ R.=525P
- Y R, = 475P R,=400PY
- 6 —f
o
=]
S ){'
£ 4
k] P;=.897P
— > R,=.600P
82
[~
a.
< -
0
be—2 | —2—
Internal joint load, By, kips Bolt load, R, Kips

@ Observed relationship (b) Observed relationships between applied
Between applied and Jjoint load and bolt loads.
infernal joint loads. ‘

Figure 5. — Joint-load and bolt-load curves for loading
of specimen- A-2 in the elastic range.

20 r
g
225 Ps defermined at this section 4
Q_:ZO R P~ [o ofio of P
-
37| Reassp Boltl 2 3 4
'% 15 Test run Load Unload
: R4=.489P | (o) 0
% +o i AN Lo A
& .3 v N

5 4 (To failure)

0 e AT

— 51

Bolt load, R, kips

Figure6.-Observed relationships between applied joint load and bolt loads
for loading of specimen A-3 in the elastic range.
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NACA TN No. 1051 . Fig. 16a,b

T I D D R R
| p-[—To ofo o] _J-P |- P~ Jo & ojc o o1 __J-P
Bolt | 2 3 4 | Bolt| 2 34 56
Group A specimens ‘ Grou; B specimens B
8 —— o Experimental &gy of bolts 2
. ,and 3 for group A aond 3 and
T VO/G - 4 for group B determined from ]
6 , o, A n//o movement of gqp _
2 / A 9/7 & Deflection at Repr
<5 . =4 <" . — Andlytical, 8 = CR/2 ]
& f A ! ?/O/ . -
o 4 7 f 61’ / p’( / /’ o)
.0 b \®)
2, y | J p? / | qu"‘*
S =R g R =R =R g B S
S Jif"?lo ;215 T0d, 58624 208645/ 0°6%S f 0 582
7
B-2 ) B-1 At §B3 Bas
0F— T +—Ff1

@ Bolt deflections for specimens of groups A and B; 245-T plates
|~ and heat-treated (i25 ksi) alloy-steel bolts,

|

; .

A

o do | | 5 )/Jﬁex

| [ ReP~[_—To¥el —1-P=R]
Bolt 1 2

Experimental. §,
Experimental §,
© Experimental dav,
determined from
movement of gap
a Average deflection
© of bolts=(5+6)/2 ]
— — Analytical, 8= CR/2 ‘
*Aﬂoﬂﬂ. LVBOQY1

COMMITTEE FOR ALRONAUTICS

1 | [

o N >

w
I
<

&=
1‘
L‘

o

gpecimen {

w
[—
. §
n
2
0,
2
R

a

Bolt load, R, kips
~

N
—
on
1]
Slw
o

o

004
Bolt deflection, &, in.

(b) Bolt deflections for auxiliary-shear -test specimens; SAE. 6150 steel
plates and heat -treated (125 ksi) alloy-steel bolts.

Figure 16.— Comparison of experimental and anolyticol bolt deflections.
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NACA TN No. 1051 : Figs. 18,19
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Figure 18.—Symmetrical butt joint with bolis in o single line
in the line of applied load.
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Figure 19.— Symmetrical butt joint with bolts in sewgral

lines parallel to applied load.  NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
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Fig. 20a=c



